Desensitization is a common property of glutamate and other ligand-gated ion channels, yet its molecular mechanism is unknown. For glutamate receptors, agonist binding involves interactions with identified amino acids from two lobes and may result in stabilizing the lobes in a closed "clamshell" conformation. The present studies demonstrate that two structures, ␤-strands 7 and 8 and ␣-helices J and K, functionally interact with each other and likely form hinges between the two lobes, influencing the coupling between agonist binding and desensitization. Two amino acids identified within these regions form a solvent-exposed interface with a third amino acid, a mutation of which was shown previously to block receptor desensitization (L 507 in glutamate receptor 3). This interface may regulate a concerted conformational shift of the AMPA subtype of glutamate receptor subunits to the desensitized state.
Glutamate receptors mediate rapid excitatory synaptic transmission in the CNS. This signaling occurs via activation, deactivation, and desensitization gating transitions, which control ion permeation on a millisecond time scale (Edmonds et al., 1995; Trussell and Otis, 1996) . Although the molecular events underlying coupling between the agonist-binding site and the control of ion permeation are unclear, a 38 amino acid "flip/flop" domain that lies between transmembrane segments M3 and M4 of all AMPA receptors is involved (Sommer et al., 1990) . A single residue within flip/flop [S 750 in flip or N 750 in flop; amino acids are numbered according to the mature protein (Bettler et al., 1992) ] determines differential sensitivity to allosteric modulators .
The agonist-binding domain of the glutamate receptor 2 (GluR2) subunit of AMPA receptors is formed by two globular lobes (domains 1 and 2) consisting of highly ordered ␣-helices and ␤-sheets that are connected by two polypeptide strands (crossovers 1 and 2) (Armstrong et al., 1999) . Domain 1 is made up of residues mostly from the "S1" region upstream of membrane segment 1 (M1), whereas domain 2 is made up mostly of residues from the "S2" region between M2 and M3 (Stern-Bach et al., 1994) . Glutamate receptors share structural homology with the prokaryotic amino acid-binding proteins, lysine/arginine/ ornithine-binding protein (LAOBP) (Oh et al., 1993) , and glutamine-binding protein (QBP) (Nakanishi et al., 1990; O'Hara et al., 1993; Hsiao et al., 1996) . For LAOBP, bound ligand stabilizes a protein conformation consisting of a rotation of one lobe with respect to the other, in what has been described as a closed "Venus fly-trap" or "clamshell" conformation. The closed conformation results in a large shift in the torsion angle of the N-C␣ peptide bond () of one amino acid (A 90 ) and smaller shifts of or for four other amino acids within the two connecting strands (Oh et al., 1993) . For glutamate receptors it is assumed that the same type of conformational shift occurs (Mano et al., 1996; Sutcliffe et al., 1996; Swanson et al., 1997; Paas, 1998) . However, although amino acid-binding proteins contain sequences homologous to the N-terminal portion of flip/flop in glutamate receptors, the receptors contain additional C-terminal sequences that continue through and beyond this region of homology. The additional residues contain a cysteine that forms a disulfide bond with a cysteine in domain 2, allowing flip/flop (overlapping ␣-helices J and K; see Fig. 1 ) to serve as a third connecting strand between the two lobes.
The goal of the present study was to determine whether residues within the S1/S2 structure interact with flip/flop to control desensitization and its modulation by drugs, by the use of chimeric receptors. A better understanding of the molecular details of allosteric modulation may provide a rational basis for the development of new drugs to downregulate receptor activity during episodes of hyperexcitability (Rogawski, 1993) or to upregulate glutamate receptor activity, enhancing learning and memory after loss of glutamatergic neurons after stroke or brain injury (Yamada, 1998) .
MATERIALS AND METHODS
Recombinant DNA. Plasmids encoding the cDNA for the rat flip variant of wild-type GluR A (GluR1), as well as the cDNAs for green fluorescent protein (GFP) and GluR6, were a gift of Dr. Peter Seeburg (M PI Medical Research, Heidelberg, Germany). The wild-type glutamate receptor cDNAs were subcloned into pBlueScript II (Stratagene, La Jolla, CA). Point mutations in GluR1 were constructed by the use of QuikChange (Stratagene), whereas GluR6/GluR1 chimeras were made by using overlapping PCR. All mutations were confirmed by sequencing (Macromolecular Resources Facility, Colorado State University, Fort Collins, C O). Purified plasmid DNA was restricted with EcoRI and was then used as a template for in vitro transcription by T7 polymerase (Ambion, Austin, TX). Mutations were numbered according to the mature (truncated) GluR1 or GluR6 protein (Bettler et al., 1992) .
Ooc yte electrophysiolog y. Oocytes were harvested from Xenopus laevis as described previously (Cotton and Partin, 2000) . Animal care and surgical procedures conformed to the institutional animal care and use committee standards and practices. Forty-six nanoliters of cRNA at 0.5-1.0 g/l were injected into each oocyte cytoplasm. E xperiments on oocytes were performed under two-electrode voltage clamp with an Axoclamp 2A (Axon Instruments, Foster C ity, CA) at a holding potential of Ϫ60 mV, in a continuously perf used chamber of ϳ5 l volume. The extracellular solution contained modified Barth's solution [88 mM NaC l, 1 mM KC l, 2.4 mM NaHC O 3 , 0.3 mM Ba(NO 3 ) 2 , 0.41 mM BaC l 2 , 0.82 mM MgSO 4 , and 15 mM H EPES, pH 7.6], to which was added glutamate or kainate along with cyclothiazide (20 mM stock solution dissolved in DMSO). Salts and drugs, including kainate and cyclothiazide, were purchased from Sigma (St. L ouis, MO). DMSO was added so that all solutions contained equivalent amounts of vehicle. Solution exchange was controlled via an electronic BPS-8 valve control system (AL A Scientific, Westbury, N Y) and electronic valves (The Lee Company, Westbrook, C T). Electrodes of 0.1-3 M⍀ resistance were filled with 1 M CsCl and 5 mM EGTA. Current responses were filtered at 100 Hz (C ygnus Technology, Delaware Water Gap, PA) and acquired by a Power Macintosh 7600/132 computer with an Instrutech I TC-16 interface (Great Neck, N Y) that was controlled by the program Synapse (Synergistic Research Systems, Silver Springs, MD).
W hole-cell electrophysiolog y. Human embryonic kidney fibroblasts (H EK293 cells; CRL 1573) from American T ype Culture Collection (Rockville, MD) were cultured as described previously . C ells were transiently transfected by the use of FuGene reagent (Boehringer Mannheim, Indianapolis, I N) with a combination of 90% glutamate receptor cDNA and 10% GFP cDNA (Chalfie et al., 1994) , driven by the same cytomegalovirus promoter. Currents were recorded 24 -72 hr after transfection on whole cells. C ells were voltage-clamped at Ϫ60 mV by the use of an Axopatch 200B (Axon Instruments). Thinwalled borosilicilate glass micropipets (catalog #TW150F; World Precision Instruments, Sarasota, FL) with a resistance of 2-5 M⍀ were filled with (in mM): 135 C sC l, 10 C sF, 10 H EPES, 5 C s-BAP TA, 1 MgC l 2 , and 0.5 CaCl 2 , pH7.2. After going into voltage clamp, each cell was lifted to a flow pipe constructed from tubing (catalog #BT150-10; Sutter Instrument Company, Novato, CA) and placed in the control solution stream close to the interface between continuously flowing control and drugcontaining solutions. E xtracellular solution contained (in mM): 145 NaC l, 5.4 KC l, 5 H EPES, 1 MgC l 2 , 1.8 CaCl 2 , and 0.1 mg /ml phenol red, pH 7.3. Solution flow was driven by a syringe pump (K D Scientific, New Hope, PA) at a rate of 0.2-0.6 ml /min. C ells were rapidly jumped into drug-containing solution for 10 -500 msec with a 70 m step controlled by a piezoelectric device (Burleigh Instruments, Fishers, N Y). Responses were filtered at 5 kHz with a low-pass Bessel filter (Warner Instruments, Hamden, C T), digitized at 0.25-10 msec /point, and stored on a PowerMac computer, using an I TC -16 interface (Instrutech). Data acquisition and analysis were done using Synapse (Synergistic Research Systems).
Data anal ysis. The kinetics of desensitization was analyzed as described previously . Statistical ANOVAs were performed using Microsoft E xcel software. Current traces were plotted using KaleidaGraph 3.5 (Synergy Software, Reading, PA). Visualization of three-dimensional protein structure was done on the GluR2 Protein Data Bank coordinates (Armstrong et al., 1999) , using RasMac version 2.5-UCB (Berkley, CA) and MacL ook version 2.1 (Molecular Applications Group, Palo Alto, CA). Three-dimensional images were constructed using Molscript version 2.0 (Kraulis, 1991) and Raster3D version 2.0 (Merritt and Bacon, 1997) on a Silicon Graphics Octane Workstation.
RESULTS

Rationale for the design of receptor chimeras
Previous studies had demonstrated that cyclothiazide is a selective, positive modulator of AMPA versus kainate non-NMDA receptors and, in fact, has an inhibitory effect on kainate receptors. GluR6 is a kainate receptor that is expressed robustly in both the Xenopus oocyte and mammalian fibroblast heterologous systems. Therefore, to identify residues in AMPA receptors that contribute to drug modulation, small domains of GluR1 were swapped into GluR6 and analyzed for gain of function. Amino acids were investigated on the basis of their proximity to flip/flop as predicted from tertiary structure (Stern-Bach et al., 1994; Armstrong et al., 1999) (Fig. 1) . Initially, chimeras were screened for function and drug sensitivity in oocytes under slow solution perfusion. Because the kinetics of desensitization is poorly resolved under these circumstances, the ability of cyclothiazide to modulate desensitization was assayed by measuring the amplitude of the peak current in the absence or presence of cyclothiazide. Subsequently, desensitization kinetics of interesting chimeras was characterized by the use of rapid perfusion in transiently transfected HEK293 cells. Previous studies had shown that insertion into GluR6 of either the entire flip/flop domain of GluR1 (GluR6-Flip) or a single residue within flip/flop (GluR6-Q 755 S) (Partin et al., 1995) could confer a modest sensitivity to cyclothiazide.
Conferring increased cyclothiazide sensitivity on GluR6
As shown previously, cyclothiazide is a modulator causing a dramatic decrease in the desensitization of GluR1 (Fig. 2b 1 ) but not that of GluR6 (Fig. 2b 2 ) . Also in agreement with previous results, a point mutation in GluR6 that converts a glutamine residue to the serine as found at position 750 in GluR1(flip) results in a modest degree of cyclothiazide sensitivity (Fig. 2b 3 ) . Among the several GluR6/GluR1 chimeras that were designed and screened, only one was identified that further enhanced sensitivity to cyclothiazide, GluR6-BETA 7,8 ϩ Q 755 S (Fig. 2b 4 ) . Glutamate responses of GluR6-BETA 7,8 ϩ Q 755 S were potentiated 24.5 (Ϯ 9.5)-fold by cyclothiazide, compared with 2.2 (Ϯ 0.9)-fold for GluR6-Q 755 S; kainate responses of GluR6-BETA 7,8 ϩ Q 755 S were potentiated 158.5 (Ϯ 82)-fold, versus 1.9 (Ϯ 0.5)-fold for GluR6-Q 755 S (Fig. 2c) . The double chimera consisting of GluR6 containing both BETA 7,8 and the entire flip/flop domain of GluR1 was nonfunctional (data not shown). BETA 7,8 lies within the previously defined S1 domain (Stern-Bach et al., 1994) and coincides with a region that has structural homology with one of the connecting strands (crossover 1) between the two agonist-binding lobes of LAOBP (Figs. 1, 2a) (Oh et al., 1993; Armstrong et al., 1999) . The data in Figure 2 suggest that Q 755 S and residues within BETA 7,8 act together to play an important role in cyclothiazide sensitivity.
Identification of residues in the BETA 7,8 domain of GluR1 critical for cyclothiazide modulation
If the BETA 7,8 region is indeed involved with allosteric modulation of AMPA receptors by cyclothiazide, then mutation of individual residues within this domain in GluR1 that are divergent from GluR6 should produce a loss of modulation by cyclothiazide. GluR1 receptors with point mutations in BETA 7, 8 (Fig. 3a) were studied in HEK293 cells exposed to agonist by rapid perfusion. Thus, modulation of desensitization by cyclothiazide is reflected in the slowing of current decay in the continued presence of 10 mM glutamate, rather than as an increase in peak current amplitude. There was no effect on modulation by cyclothiazide compared with that of wt GluR1 when residues M 499 -K 501 within BETA 7,8 were mutated to the residues found at the homologous positions in GluR6 (Fig. 3b,c) . However, the mutation of S 493 T resulted in a dramatic reduction in the efficacy of cyclothiazide. Interestingly, a loss of modulation by cyclothiazide did not occur when S 493 was mutated to alanine ( Fig. 3b ), which has a less bulky side chain than threonine. Testing the effect of increasing the size of the side chain by mutating it to glutamine or cysteine was not possible because these substitutions grossly impaired current amplitudes and prevented further quantitation, although qualitatively the effects of cyclothiazide appeared to be greatly diminished (data not shown). Inspection of the atomic coordinates of GluR2 indicated that of the four divergent residues in BETA 7,8, the S 493 side chain is nearest to N 750 of GluR2(flop) [7.79 Å, or 8.41 Å if that residue were the S 750 found in GluR1(flip)]. That the size and/or shape of the side chain at position 493 is so critical for modulation (threonine adds an asymmetric C␤-atom) suggests some type of an interaction between these residues. A functional interaction may be caused by a state-dependent, physical interaction between BETA 7,8 and flip/flop, a direct interaction between these residues and cyclothiazide, or the participation by these residues in the regulation of desensitization, thereby affecting modulation of desensitization in an allosteric manner. The GluR1 point mutations provide independent confirmation of the conclusions drawn from the GluR6-BETA 7,8 ϩ Q 755 S chimera and implicate S 493 in regulating GluR1 sensitivity to cyclothiazide. In addition to impacting cyclothiazide modulation, point mutations in BETA 7,8 Figure 1 . Sequence and structure of GluR6 chimeras. a, The molecular structure of GluR2 S1/S2 (Armstrong et al., 1999) , with BETA 7,8 shown in red and the flip/flop region shown in green, is in accordance with the color scheme shown for the primary sequence below. b, GluR1 amino acids swapped into GluR6 are indicated with red and green lines for the following chimeras (GluR1 residue numbers are indicated in parentheses in the following and refer to the mature GluR1 protein): , -Flip (722-781), -Helix J (742-752), -Helix K (750 -763), and -Flip C17 (764 -780) . Structural elements of the GluR2 agonist-binding domain (Armstrong et al., 1999) are indicated in gray; horizontal bars represent ␣-helices, and arrows represent ␤-strands. Other symbols indicate residues known to be important in desensitization: the filled diamond indicates the amino acid that, when mutated, completely blocks desensitization [L 507 in GluR3 (Stern-Bach et al., 1998) ]; the filled triangle marks a site of glycosylation that is important for modulation by Concanavalin A of GluR6 desensitization (Everts et al., 1999) ; the filled square represents a residue thought to form an important exposed patch within a hydrophobic domain ; and filled circles indicate residues that differ as a result of alternative splicing within the flip/flop domain of GluR1 (Sommer et al., 1990) . Residues in bold represent amino acids that are divergent between GluR1 and GluR6. c, Spatial relationship between GluR2 amino acids homologous to GluR1 residues S 493 (within BETA 7, 8) , N 750 (S 750 within GluR1 flip), and L 479 [L 507 of GluR3 (Stern-Bach et al., 1998) ] is shown. This view of the molecule is rotated, with respect to a, to show better the side chains of residues used in this study. d, An identical view of the molecule is shown in a space-filling representation. The BETA 7,8 domain is shown in red, the flip/flop domain is shown in green, and the three critical residues are shown in pink. BETA 7, 8, C, C terminal; N, N terminal. affected control desensitization kinetics, which reached significance for I 500 Y ( p ϭ 0.00058; Fig. 3d ) but not for S 493 T, which is consistent with the GluR6 "C1a" mutant described by Stern-Bach et al. (1998) . The role of BETA 7,8 and the flip/flop region in control desensitization is addressed in further detail by the experiments described below.
Functional interactions controlling desensitization kinetics
In agreement with our previous results (Partin et al., 1995) , the Q 755 S point mutation in GluR6 not only introduced sensitivity to cyclothiazide but also slowed the kinetics of control desensitization in response to glutamate from desensitization ϭ 3.8 Ϯ 0.4 msec (n ϭ 6) to desensitization ϭ 16.4 Ϯ 1.4 msec (n ϭ 12; Fig. 4a 1 ,a 2 ,b) . Because Q 755 and BETA 7,8 residues appeared to be important for cyclothiazide modulation of desensitization of GluR6-based chimeras (Fig. 2) , it was important to determine whether mutation of these residues affected control desensitization kinetics. Control desensitization kinetics of GluR6/GluR1 chimeras was tested by fast perfusion. Introduction of the BETA 7,8 domain of GluR1 into GluR6-Q 755 S reversed the desensitization-slowing effect of the point mutation, restoring a time constant for desensitization similar to that of wt GluR6 (Fig. 4a 3 ) . Introducing the BETA 7,8 domain alone into GluR6 caused a modest, but significant, increase in the rate of desensitization ( desensitization ϭ 2.6 Ϯ 0.3 msec; n ϭ 13; Fig. 4b ). GluR1-BETA 7,8 contains a serine at position 493, which when mutated to threonine (the homologous residue is at position 504 of GluR6) abolished modulation by cyclothiazide (Fig. 3b) . Thus, it was important to determine whether GluR6-T 504 S ϩ Q 755 S had control desensitization kinetics like that of GluR6-BETA 7,8. The double-point mutant receptor demonstrated desensitization kinetics ( desensitization ϭ 5.5 Ϯ 0.3 msec; n ϭ 18) similar to that of wt GluR6 (Fig. 4a 4 ) , indicating that T 504 in BETA 7,8 is sufficient to correct the slowing of desensitization caused by introduction of GluR1-BETA 7,8 into GluR6. These data support the hypothesis that one residue in BETA 7,8 and one residue in flip/flop interact functionally to regulate desensitization. However, the data do not exclude an indirect, allosteric mechanism.
In the presence of cyclothiazide, desensitization kinetics was similar for GluR6-Q 755 S and GluR6-BETA 7,8 ϩ Q 755 S (Fig. 4c) . However, the ratio of the time constant of desensitization in the presence of cyclothiazide to the time constant of desensitization in control was much greater for GluR6-BETA 7,8 ϩ Q 755 S (11.4-fold) than for GluR6-Q 755 S (2.3-fold) or GluR6-BETA 7,8 (0.9-fold), because of faster kinetics of control desensitization for the latter constructs. These data offer an explanation of the large effect that cyclothiazide had on potentiation of peak currents when tested in the oocyte system (Fig. 2) .
Differential contributions of ␣-helices J and K to the modulation of GluR1 by cyclothiazide
The results presented thus far suggest that residues within BETA 7,8 and flip/flop affect both modulation by cyclothiazide and control desensitization kinetics and identif y two residues (S 493 and S 750 ) that mediate these effects. T wo prominent structural components within flip/flop are ␣-helices J and K (Fig. 1) . Although it was clear from previous studies that the differential drug modulation of desensitization in flip versus flop isoforms of AM PA receptors was controlled by the S/ N/Q site (i.e., at the position of Q 755 of GluR6 or S 750 of GluR1), the contribution of other residues within flip/flop had not been defined. Thus, in the present study GluR6/GluR1 chimeras of smaller domains within flip/flop were constructed and tested for sensitivity to cyclothiazide. Introduction of the entire flip/flop domain into GluR6 conferred cyclothiazide slowing of desensitization (Fig. 5a 1 ) in agreement with previous studies in oocytes . C yclothiazide slowed desensitization for GluR6-Flip ϳ38-fold, to 193 Ϯ 17.5 msec (Fig. 5b) , but not to the extend that occurred for wt GluR1. This effect was not seen when only the C -terminal 17 amino acids of flip/flop were inserted (GluR6-Flip C17 desensitization ϭ 3.4 Ϯ 0.4 msec; n ϭ 8; Fig. 5a 2 ). C yclothiazide also had little effect when ␣-helix K from GluR1 and Q 755 S were inserted Figure 2 . Identification of a domain within S1 that enhances modulation by cyclothiazide. a, Schematic representation of the structure of the agonist-binding domain, focusing on ␤-strands 7 and 8 and ␣-helices J and K, also shown in Figure 1 . b, Electrophysiological responses (bottom) of chimeric receptors expressed in Xenopus oocytes, with schematic representations (top) of the chimeric constructs (GluR1 sequences shown in black; GluR6 sequences shown in gray). Control glutamate and kainate responses (hairline) are superimposed on responses in the presence of cyclothiazide (CTZ; bold). Closed arrows point to the peak current in the control; open arrows point to the peak current in the presence of cyclothiazide. Wild-type (wt) GluR1 currents were potentiated by cyclothiazide (b 1 ), whereas wt GluR6 currents were consistently inhibited by cyclothiazide (b 2 ). GluR6-Q 755 S currents were somewhat potentiated by cyclothiazide (Partin et al., 1995) into GluR6, with only a twofold slowing of desensitization ( desensitization ϭ 19.3 Ϯ 1.9 msec; n ϭ 9; Fig. 5a 3 ) . By contrast, for a chimera that included all of helix J, cyclothiazide slowed desensitization 18-fold ( desensitization ϭ 179.4 Ϯ 12.7 msec; n ϭ 5; Fig. 5a 4 ) , suggesting a dominant role for ␣-helix J in regulating drug modulation of GluR1. Both the GluR6-Helix J and GluR6-Helix K chimeras had slower kinetics of desensitization than either wt GluR1 or GluR6 had (Fig. 5c) . 
The contributions of a residue homologous to one affecting desensitization of GluR3
Previously, Stern-Bach et al. (1998) identified a residue in GluR3 (L 507 ) that, when mutated to the tyrosine found at the homologous position in GluR6 (L 507 Y), blocks desensitization. Their data suggest that this residue, together with sequences between M1 and M4, may participate in allosteric modulation by cyclothiazide. To probe this hypothesis further, a GluR6 chimera that includes helix J from GluR1, in conjunction with a mutation (Y 490 L in GluR6) that effectively inverts the mutation of Stern-Bach et al. (1998) , was tested for allosteric modulation by cyclothiazide (Fig. 6) . The ability of cyclothiazide to block desensitization at the end of either a 100 or 500 msec application of glutamate was used to assess the contributions of these residues to allosteric modulation. Some desensitization was present at the end of the 500 msec pulse of agonist for all three chimeras. In particular, there was substantial desensitization (75-80%) by the end of the 500 msec pulse for the chimera replacing just helix J (as seen in Fig. 5 ) and the construct replacing helix J in conjunction with the Y 490 L mutation (Fig. 6b) . However, when the T 504 S substitution was included (GluR6-Helix J ϩ Y 490 L ϩ T 504 S), desensitization was significantly reduced ( p ϭ 0.006) to ϳ40% by the end of the pulse. Thus, the contributions of GluR1 S 493 to allosteric modulation are evident even in a chimera that has a substitution at the nondesensitizing site. These data further support the hypothesis that S 493 in GluR1 plays an important role in drug modulation. showing that desensitization of GluR6-Q 755 S was significantly slower than that of wt GluR6 (**p Ͻ 0.0001), whereas desensitization of GluR6-BETA 7,8 is significantly faster than that of wt GluR6 (**p ϭ 0.0001). However, the double chimera GluR6-BETA 7,8 ϩ Q 755 S does not significantly differ from wt GluR6; thus, the presence of GluR1 sequence in both regions compensated for the defects induced by the presence of GluR1 sequence in only one of the two regions. c, Summary of the mean kinetics of desensitization in the presence of 100 M cyclothiazide, showing that the actions of cyclothiazide were greatest on any chimera that contains the Q 755 S mutation (independent of the presence of the BETA 7,8 domain).
Identification of residues in ␣-helices J and K critical for modulation by cyclothiazide To finely map the role of amino acids in ␣-helices J and K, individual residues in GluR1 were mutated to alanine (or glycine in the case of A 745 ), and the mutant receptors were assayed for sensitivity to cyclothiazide. Because of the large number of receptors studied, function was assayed in oocytes, where the ability of cyclothiazide to block desensitization was measured by determining the ratio of peak to steady-state current during a 60 sec application of glutamate. The effect of the mutations showed a periodicity (Fig. 7a) , which may be the result of the tertiary structure in this region. Specifically, modulation by cyclothiazide was markedly impaired at two positions, V 746 (I ss /I pk ϭ 0.33 Ϯ 0.06) and L 755 (I ss /I pk ϭ 0.40 Ϯ 0.06) (Fig. 7b) , compared with that of wt GluR1. A magnified portion of the GluR2(flop) crystal structure is shown in Figure 7c , indicating the spatial relationship of four residues (S 493 , N 750 , V 746 , and L 755 ) that are critical for allosteric modulation by cyclothiazide. A nearest-neighbor analysis (MacLook version 2.1) indicated that each of these four side chains is the nearest neighbor (Յ5 Å) either of each other or of residues within BETA 7,8. Taken together, these data indicate that BETA 7, 8 and flip/flop form at least part of a functional domain, regulating sensitivity to cyclothiazide and affecting desensitization kinetics. shown. c, The control kinetics of desensitization was significantly slower than that of wt GluR1 for both helix-swapping chimeras (*p Ͻ 0.001), whereas those of the GluR6-Flip and GluR6-Flip C17 chimeras were similar to those of wt GluR1. ND, Nondesensitizing.
DISCUSSION
The results reported here newly identify a residue within BETA 7,8 of the AMPA receptor GluR1 as functionally interacting with the ␣-helical J and K region (within the alternatively spliced flip/flop domain) to regulate desensitization and its modulation by cyclothiazide. In particular, introduction of BETA 7,8 of GluR1 into GluR6 with a point mutation in ␣-helix J (GluR6-Q 755 S) conferred greater sensitivity to cyclothiazide than did wt GluR6 or GluR6-Q 755 S. Moreover, a point mutation in ␤-sheet 7 of GluR1 (S 493 ) affected cyclothiazide sensitivity in a manner that depended on the size of the side chain, in that increasing side chain size diminished the effects of cyclothiazide but decreasing the size had no effect. These findings are supportive of a functional interaction between ␣-helices J and K and ␤-sheets 7 and 8. Such an interpretation is further supported by the analysis of a GluR6 ␣-helical J and K point mutation that caused a defect in control desensitization kinetics, which could be compensated for by concomitant mutation at position T 504 in BETA 7,8. Another indication of a functionally important domain-domain interaction was provided by scanning alanine mutagenesis across ␣-helices J and K, which identified the two additional residues Figure 6 . Contributions of the nondesensitizing mutation to allosteric modulation. a, Whole-cell responses in transfected HEK293 cells to rapid applications of glutamate for 500 msec, in the presence of 100 M cyclothiazide, are shown for wt GluR1 and three GluR6/GluR1 chimeras. None of these chimeras permitted the complete block of desensitization that is seen with wt GluR1. However, the GluR6 chimera containing the T 504 S mutation was more efficacious than were the two chimeras lacking T 504 S. b, Quantitation of the steady-state-to-peak ratio at the end of either a 100 msec ( gray bars) or a 500 msec (black bars) application of glutamate is shown. Inclusion of T 504 S significantly ( p ϭ 0.006) increases the steady-state-to-peak ratio at the end of a 500 msec application compared with that seen with GluR6-Helix J ϩ Y 490 L. pk, Peak; ss, steady-state. Figure 7 . Effect of alanine substitution within flip/flop on modulation by cyclothiazide of GluR1. a, Individual residues within flip/flop were mutated, and modulation by cyclothiazide was characterized in Xenopus oocytes. A summary of the mean modulation by cyclothiazide [I GluϩCTZ (ss)/I GluϩCTZ (pk)] for all point mutants is shown. Ratios were normalized to that of wt GluR1 (WT (V 746 and L 755 ) as being important for modulation by cyclothiazide. E xamination of the crystal structure of the agonist-binding portion of GluR2(flop) reveals that ␣-helices J and K and BETA 7,8 both lie between the two lobes that form the agonistbinding site and are therefore in a position to play a role in the stabilization of lobe closure. The BETA 7,8 domain shares structural homology with one of the connecting strands (crossover 1) between the two lobes of the periplasmic amino acidbinding proteins L AOBP and QBP (Oh et al., 1993; Armstrong et al., 1999) . Thus, BETA 7,8 might perform the same f unction for glutamate receptors, with specific residues undergoing large changes in torsion angles after ligand binding to stabilize the closed clamshell conformation. Glutamate receptors diverge from amino acid-binding proteins because of novel sequences C -terminal to helices J and K (homologous to helices V II and V III of QBP) that permit the formation of a disulfide bond, allowing flip/flop to become a third connecting strand between the two lobes. It has been postulated that variable degrees of lobe closure reflect the different states of receptor activity: open, closed, and desensitized (Armstrong et al., 1999) . That ␣-helices J and K and BETA 7,8 form connecting strands between the two lobes suggests that these two regions may act in concert to regulate the transition between open and closed clamshell conformations, thereby coupling agonist binding and channel gating.
Examination of the crystal structure also reveals that each of the two critical residues, S 750 of ␣-helix J and S 493 of BETA 7,8, is exposed on the surface of the protein, as illustrated in Figure 1 , c and d. In a recent study, Stern-Bach et al. (1998) identified a residue in AMPA receptors (L 507 of GluR3, homologous to L 479 of GluR1) that, when mutated, completely blocks the onset of desensitization. As noted by Stern-Bach et al. (1998) , this residue is also present on the surface of the protein, and the spatial relationship between it and the two residues identified here, S 493 and S 750 , is notable (Fig. 1) . It is clear that all three residues have a functional role in regulating desensitization, all lie within domain 1 (the large domain), and together they form a plane on the same exposed face of the protein. However, the residues appear to be too far apart to participate in a direct three-way interaction; L 479 lies ϳ15 Å from S 493 and ϳ20 Å from S 750 . In contrast, S 493 and S 750 are ϳ8 Å from each other in this crystal structure, which probably represents the open, nondesensitized state of the intact receptor (Armstrong et al., 1999) . The data presented here suggest that in the transition to the desensitized state, S 493 and S 750 either interact directly or allosterically.
The f unctional properties and spatial positioning of these three residues (L 479 , S 493 , and S 750 ) suggest that together they form an interface that may be the site of a specific subunitsubunit interaction. Such an interface would thus contain one amino acid within ␣-helix D (directly involved with agonist binding, Fig. 1 ), one amino acid within a hinge region, and one amino acid within the alternatively spliced regulatory domain of flip/flop. Glutamate receptors are formed from four [or five (Premkumar and Auerbach, 1997) ] individual subunits that assemble to make a receptor complex . Each subunit can bind (at least) one molecule of agonist (C lements and Westbrook, 1991) . There is evidence that binding of glutamate to a single subunit is sufficient for channel opening, although opening to larger conductance states requires the binding of agonist to more than one subunit (Rosenmund et al., 1998). C an a single subunit also undergo desensitization after opening? It has been widely postulated that desensitization occurs via an allosteric mechanism, whereby agonist binding induces a change in the conformation of one subunit that is extended to the subunit-subunit interface, allowing the entire protein to undergo a concerted shift in conformation to the desensitized state. Such a postulate predicts the existence of multiple interdomain contacts between subunits that regulate desensitization. The data shown here are consistent with L 479 , S 493 , and S 750 serving just such a f unction but do not exclude the possibility that these residues participate in domain -domain interactions within a single subunit. Further structural and f unctional analyses will be required to resolve these issues.
